ABSTRACT
complete set of human proteins is challenging, despite the large-scale detection methods now available.
The Human Protein Interaction Database (HPID: http://www.hpid.org/) was developed to provide human protein interaction information derived from existing structural and experimental data by homology searching. There are two types of human protein interaction data in the database: 1) interactions at the protein superfamily level, and 2) interactions inferred from those involving yeast proteins. Initial interactions derived from the homology search have been refined by selecting co-localized pairs of interacting proteins. We have also developed a set of web-based programs that allow online users to predict potential interactions between the submitted proteins, and to visualize protein interaction networks so as to facilitate further exploration. The detailed methods for using HPID (retrieval of interactions, online prediction, and visualization) are described at http://wilab.inha.ac.kr/HPID/Usage_interactions.htm.
Prediction of human protein interactions at the protein superfamily level
Structural interactions between human proteins were predicted by homology-based assignment of domain structures to the whole genome. "Homologous interaction" concept was applied at the SCOP superfamily level. It follows that the human structural interactome that has been generated does not describe protein-protein or domain-domain interactions at the molecular level, but rather at the protein family level (i.e. a type of meta-interaction).
The interactions at the protein family level were based on the Protein Structural Interactome MAP (PSIMAP) Lappe et al. 2001 ) that classifies interactions between all known structural protein domains (Supplementary Figure 1A) . Interactions at the protein family level can be derived as follows: suppose that, from a homology search (see Supplementary Figure 1B ) protein p1 is found to have domains d2 and d4, and protein p2 is found to have domains d1 and d3, then if the PSIMAP data contains the interactions (d1, d2) and (d3, d4) at the SCOP superfamily level, proteins p1 and p2 have 3 potential interactions at the protein domain level. However, note that the interaction between proteins p1 and p2 is counted only once at the protein level (Interaction 1 in Supplementary Figure 1B) . Consider the case where a protein p2, interacts with itself: if a domain d, appears twice in the protein, the interaction (p2, p2) can be predicted (Interaction 2 in Supplementary Figure 1B) . Such interactions are also counted only once at the protein level.
Gapped BLAST (Altschul et al. 1997) was run on PDB_ISL (Teichmann et al. 2000) with the human protein sequences of Ensembl v16.33.1 (http://www.ensembl.org/) as query sequences, and with an E-value of 0.0001. PDB_ISL is a library of sequences of the SCOP superfamilies of the known structures (Lo Conte et al. 2002) . It functions as a shortcut for carrying out extensive PSI-BLAST (Altschul et al. 1997) , and reduces search time. proteins from the PSIMAP data, and the proteins were assigned to one or two superfamilies. 927 of the total of 20,679 proteins with one or two superfamilies assigned had to be eliminated from the initial interaction data because their interacting partners were not included in the PSIMAP data.
9,388 human proteins in Ensembl (http://www.ensembl.org/) were cross-linked to 8,367
human proteins in Swiss-Prot (http://www.expasy.org/sprot/), and 5,428 of the human proteins in Swiss-Prot had sub-cellular localization information. By taking into account localization information we were able to refine the initial interaction data by selecting colocalized pairs of interacting proteins. The refined data shown in Supplementary Table 1 contain 725,160 interactions and 6,636 proteins. 4,537 interactions out of the 725,160
interactions are self-loops (proteins interacting with themselves), and 1,274 interactions are counted more than once in Supplementary Table 1 Because the same fragment of a human protein can be matched to many yeast proteins, yeast proteins satisfying the following criteria were selected and those with the highest score were assigned to matched human proteins:
1. The matched sequence should represent more than 70% of the original yeast sequence.
2. The overlapped region of the matched sequence at its terminal region with the previously matched sequence at that position should be 10% or less of the previously matched sequence.
3. The identity value of the matched sequences should be 10% or more.
The interaction network for the yeast genome has 13,777 interactions between 3,751 proteins in total, including 860 self-loops. Therefore, 324,305 interactions between 10,659 human proteins (42% of the original 27,049 human proteins) were derived in the initial interaction data (Supplementary Table 2 ). The remaining 16,390 human proteins (58%) had no significant homology to the yeast proteins so that any interactions between them could not be predicted. Whereas the interaction network for the yeast genome is composed of 8 connected components, we found 14 connected components in the interaction network of the human proteins. The average node degree of the initial interaction network is 30, which is higher than that of the experimental data on the yeast protein interactions.
The initial interaction network was refined by selecting interacting proteins in adjacent compartments in addition to the co-localized pairs (Supplementary Tables 3 and 4 ). The reason for this was that the coverage of the refined network is too low if only co-localized interacting pairs are considered. The refined network contains 8,565 interactions between 1,690 human proteins (Supplementary Figure 4A) , corresponding to 2.6% and 16% of the initial interactions and proteins, respectively. The average node degree is 5 (orange plot in Supplementary Figure 4B) , which is quite similar to that of the experimental data. The BIND and DIP databases contain a total of 818 interactions (excluding self-loops) between human proteins, and 44 of these interactions were represented in the predicted interaction data transferred from the yeast protein interactions.
Online prediction of protein interactions
HPID allows the user to infer potential interactions between the submitted proteins. Such inferences are tentative since the analytic procedure is basic and crude in view of the fact that we have not yet developed an extensive scoring function. Future work will be aimed at providing a more reliable scoring system as well as finding ways to make comparisons with the other experimental interaction data.
Registration is necessary when using the online prediction service because predictions are retained for later examination. The only information required for registration is the email address, as well as a user ID and password for logging on to the HPID. Where a small number of proteins are involved, users can see the results immediately. However, with a large number of proteins a great deal of time is required to generate the predicted interactions, and users will probably want to view the results at a later time. When a registered user logs on to the prediction server, the status of the user's previous job is displayed; the user is informed whether there are any errors in the submitted sequences, and whether the homology search is complete, in progress, or has not yet been started.
It is easy to submit protein sequences for online prediction. Interaction" from the mouse right button menu with the cursor on a given protein, the proteins that interact with that protein are inserted into the network.
WebInterViewer also provides several abstraction and comparison operations for analyzing large-scale protein interaction networks. Supplementary Figure 5 , for example, shows a network common to the human protein interaction network at the superfamily level (Supplementary Figure 2A) along with the human protein interaction network derived from the yeast protein interactions (Supplementary Figure 3) . The shared network was found by comparing the two networks using WebInterViewer. 
